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The Outer Pore of the Glutamate Receptor Channel
Has 2-Fold Rotational Symmetry
Further, in NMDAR (Beck et al., 1999; Sobolevsky et al.,
2002b) but most notably in AMPAR (Sobolevsky et al.,
2003) subunits, substituted cysteines in the intracellular
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State University of New York at Stony Brook two-thirds of M3show a highly regularpattern of accessi-
Stony Brook, New York 11794 bility, suggesting a possible 4-fold symmetry. However,
the extracellular third of M3, specifically that part encom-
passing the highly conserved SYTANLAAF motif, while
Summary -helical, showsextensiveaccessibility in theopenstate.
Similarly, mutations of numerous residues in this domain
The ligand binding domain of glutamate receptors yieldnonfunctionalorconstitutivelyactivechannels (e.g.,
(GluRs) has 2-fold rotational symmetry. The structure Kohda et al., 2000; Sobolevsky et al., 2003), suggesting
including the symmetry of the GluR ion channel re- that it makes distinct contributions to channel structure
mains undefined. Here we used substituted cysteines and function.
in the pore-lining M3 segment of the AMPAR GluR-A To study the state-dependent arrangement of the M3
subunit and various cysteine-reactive agents to study segments, we probed cysteine-substituted GluR-A sub-
the structure of the channel during gating. We find units in homomeric AMPAR channels using a variety of
that cysteines substituted at A6, located in the highly cysteine-reactive agents. We find that for two cysteine-
conserved SYTANLAAF motif, are grouped in pairs substituted channels, L5C (L606C) and A6C (A617C),
consistent with a 2-fold symmetry in the extracellular Cd2 locks the channel in the open state. This result sug-
part of the pore. To account for this symmetry and cross- gests, given the distinct location of these residues—L5
linking, we propose that the M3 segments in two neigh- is located just above the tip of the M2 loop, whereas A6
boring GluR subunits are kinked within SYTANLAAF is near the extracellular mouth of the pore (Figure 1A)—
in opposite directions relative to the central axis of the that the entire extent of M3 moves during gating. We also
pore. Our results extend the 2-fold rotational symmetry find that cysteines introduced at A6, located adjacent
from the ligand binding domain to at minimum the to the Lurcher position in SYTANLAAF, are grouped in
extracellular part of the channel and suggest a model
two pairs, with cysteines in each pair located close
of gating movements in GluR pore-forming domains.
enough in the open state to be involved in coordination of
one Cd2 ion orcrosslinked by copper(II):phenanthroline.
Introduction
This arrangement of A6 is consistent with a 2-fold sym-
metry of the extracellular part of the channel. To accountIonotropicglutamate receptors (GluRs), includingN-methyl-
for the experimental results, we propose a structuralD-aspartate receptors (NMDARs), -amino-3-hydroxy-
model where the extracellular thirds of the M3 segment5-methyl-4-isoxazolepropionate receptors (AMPARs),
in two neighboring subunits are kinked in SYTANLAAF byand kainate receptors, mediate neurotransmission at
about45 inoppositedirectionsrelativeto thecentralaxismost excitatory synapses in the brain (see Dingledine et
of the pore. Our results and the model suggest that theal., 1999). GluRs are tetramers (Rosenmund et al., 1998)
2-fold rotational symmetry in the ligand binding domaincomposed of four similar (heteromers) or identical (ho-
extendsdowntotheextracellularvestibuleof thechannelmomers) subunits. Crystallographic (Armstrong and
with a possible transition to 4-fold rotational symmetryGouaux, 2000; Mayer et al., 2001; Sun et al., 2002) and
occurring deeper in the pore.functional (Mansour et al., 2001; Robert et al., 2001;
Schorge and Colquhoun, 2003) studies indicate that the
ligand binding domain of GluRs is organized in two pairs,
Resultsthe dimer-of-dimers arrangement, creating a 2-fold rota-
tional symmetry. In contrast, the symmetry of the GluR
Forourexperiments,weusedthenondesensitizingGluR-ionchannel isunknown.Giventhecommonstructuralde-
A(L479Y) (wt’) AMPAR subunit (Stern-Bach et al., 1998)sign to K channels (Chen et al., 1999; Kuner et al., 2003),
as a control and background for cysteine substitutions.pore-forming domains may show a 4-fold rotational sym-
We assume that channels composed of these subunitsmetry. However, this places a symmetry mismatch be-
primarily exist in the closed state (absence of glutamate)tween the ligand binding domain (2-fold symmetry) and
or in the closed and open states (presence of glutamate).the ion channel (4-fold symmetry) (Sun et al., 2002).
Cd2 can bind to multiple, closely located cysteine andThe M2 loop and the M3 segment represent major
noncysteine ligands (Holm et al., 1996). We therefore ini-pore-lining domains in GluRs (Figure 1A). The M2 loop
tially screened for effects of Cd2on channels containingshowsastrongstructuralhomologytothecorresponding
domain, the P loop, in K channels (Kuner et al., 1996, cysteines substituted at pore-lining positions, including
2001; Panchenko et al., 2001). The M3 segment, which the Q/R site (Q582) at the approximate tip of the M2 loop
like the homologous domain in K channels is involved and those in the M3 segment (Figure 1A). We were inter-
in channel gating, is -helical (Sobolevsky et al., 2003). ested primarily in effects that lasted beyond the applica-
tion of Cd2 since they presumably reflect Cd2 inter-
acting with more than one ligand.*Correspondence: asobolevsky@notes2.cc.sunysb.edu
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Figure 1. Reactivity of Cd2 with Substituted
Cysteines
(A)Topologyofpore-liningdomains inAMPAR
channels. The pore-lining M2 loop and M3
segment are shown for two of four AMPAR
GluR-A subunits with the back and front sub-
units removed. Presumed -helical regions
are shown as spirals. Cysteines substituted at
highlighted positions are accessible (black
circles) or nonaccessible (white circles) to
MTS reagents in the presence of glutamate
(Sobolevsky et al., 2003). The Q/R-site (Q582
in the mature GluR-A protein) is presumably
located near the tip of the M2 loop (Kuner et
al., 2001). Amino acids are shown in the one
letter code and numbered relative to the first
residue (S, position 611 in the mature protein)
in SYTANLAAF, the most highly conserved
motif in GluRs.Theasterisk indicates thatsub-
units containing Y1C do not show detect-
able glutamate-activated current. The gray
circle indicates that A3C forms channels
with large leak currents.
(B–D)ProtocolstoassayreactivityofCd2with
nondesensitizing wild-type (wt’) and cysteine-
substituted AMPAR channels. Examples
show glutamate-activated currents recorded
at a holding potential (Vh) of60 mV from Xen-
opus oocytes expressing wt’ (B) or A6C (C
and D) subunits. Cd2 (100 M, open box) was applied for 1 min in the presence (B and C) or absence (D) of glutamate (1 mM, thin lines). In the
absence of glutamate, Cd2 was applied in the continuous presence of the competitive AMPAR antagonist CNQX (10 M, gray box) to minimize
the probability of channel openings.
(E) Mean percent change (% change) in glutamate-activated current amplitudes measured before (Ipre) and after (Ipost) Cd2 was applied either in
the presence (Glu, left) or absence (Glu, right) of glutamate. Filled bars indicate % change values statistically different from zero (n 3).
Reactivity of Cd2 with Substituted Cysteines channels. The example shows L5C, but qualitatively
comparable results were obtained for A6C. As shownFigures 1B–1D illustrate our protocols to determine reac-
tivity of Cd2 with substituted cysteines. Three 15 s test in the left part of Figure 2A, repetitive 1 min applications
of Cd2 (10 M, open boxes) applied in the presence ofapplications of glutamate (thin lines) separated by 2 min
washout intervals were used to monitor glutamate-acti- glutamate (thin lines) gradually inhibited current ampli-
tudes. This inhibition required the channel to be in thevated current before (Ipre) and after (Ipost) exposure to Cd2
(100 M, open box). During the Cd2 application, gluta- open state because even 200 times higher concentration
of Cd2 (2 mM versus 10 M) applied in the absence ofmate-activated currents in wt’ channels were inhibited
(Figure 1B). This inhibition was robust and strongly volt- glutamate did not alter glutamate-activated currents
(Figure2B). Hence, theonset ofCd2block is “usedepen-age dependent (data not shown) but was rapidly and
completely reversible upon removal of Cd2, resulting in dent,” suggesting that Cd2 acts as an open-channel
blocker of L5C and A6C channels (Sobolevsky, 2003).no significant difference between Ipre and Ipost (Figure 1E).
Similar results were obtained for most cysteine-substi- L5 is presumably located deep in the pore, just exter-
nal to the tip of the M2 loop, whereas A6 is located 11tuted channels. However, in two instances, L5C and
A6C (Figure 1C), glutamate-activated currents follow- positions or 16.5 A˚ (3 turns of an  helix) more externally
(Figure 1A). If Cd2 acts as an open-channel blocker, weing removal of Cd2 remained strongly inhibited. This ef-
fect of Cd2 was state dependent since, when Cd2 was would anticipate, given this positioning, that the block
would be voltage dependent, as indeed it is (Figures 2C–applied in the absence of glutamate, no significant differ-
ence between Ipre and Ipost was observed for L5C or 2E). Figure 2A shows not only the onset of block but also,
after the Cd2 applications were terminated, a slow re-A6C (Figure 1D) as wellas wild-type and other cysteine-
substituted channels (Figure 1E). covery of glutamate-activated current amplitudes, pre-
sumably reflecting the offset of block. Given its longOf the cysteine-substituted channels tested, only two,
L5C and A6C, were blocked by Cd2 in a long-lasting time course, this slow recovery could reflect insertion of
new AMPARs into the membrane. However, for A6C,manner. Since this inhibition was not observed for wt’ or
other cysteine-substituted channels, we assume that it glutamate-activated currents were inhibited by the sulf-
hydryl-specific reagent qBBr (right after a 1 min qBBr ap-reflects a direct interaction of Cd2 with multiple ligands
including the cysteines introduced at positions 5 plication, % change 42% 3%, n 3) and showed no
recoveryover time(30min later,49%7%,n3).Hence,and6. We therefore studied the mechanism of this Cd2
inhibition in more detail. the recovery of current following Cd2 block is not due to
GluR turnover but more likely to Cd2 leaving its bind-
ing site.For Both L5C and A6C, Cd2 Blocks the Ion
Channel and Holds It in the Open State To quantify the voltage dependence of the block and
unblock, we fitted the onset and offset kinetics of gluta-Figure 2A shows the pulsive protocol we used to study
thekineticsofCd2blockandunblockofL5CandA6C mate-activated current amplitude at different membrane
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Figure 2. State and Voltage Dependence of
the Block of L5C and A6C Channels by
Cd2
(A) Pulsive protocol to assay the apparent ki-
netics of Cd2block and unblock. The cell was
expressing L5C channels. The onset of
blockwas inducedbyexposingcells fivetimes
for 1 min to Cd2 (10M, open box) at Vh75
mV in the continuous presence of glutamate
(thin lines). Each Cd2 application was started
15 s after the beginning and finished 15 s be-
fore the end of a glutamate application. Cells
were washed for 1.5 min between glutamate
applications. Current amplitudes, defining the
apparent time course of Cd2 block, were
measured during the first 15 s of each gluta-
mate application. Single exponential fit of
these current amplitudes (solid line) gives the
onset time constant, 	on  234 s. Recovery
from Cd2 block was monitored by 15 s appli-
cationsofglutamateseparatedby2minwash-
out intervals. Single exponential fit of the cor-
responding current amplitudes (solid line)
gives the offset time constant, 	off  1348 s.
(B) Cd2 does not block L5C channels in the
absence of glutamate. Cd2 (2 mM, open box)
was applied for 1 min in the absence of gluta-
mate but in the continuous presence of CNQX
(10 M, gray box). Cd2 at such high concen-
tration transiently reduced the leak current
amplitude.
(C–E) Voltage dependence of the apparent
rate constant for Cd2 block (C) and unblock
(D), and of the apparent dissociation constant
(E) for L5C (solid symbols) and A6C (open
symbols) channels. Error bars are not shown
if smaller than the symbol size. A minimum of
4 cells was recorded at each potential.
(C) kon values were estimated from 	on and 	off
(see A) using Equation 1. The straight lines
through the points are fits with Equation 4
yielding values of 
on0.660.04 and kon(0)
42 11 M1s1 for L5C and 
on 0.27 0.02
andkon(0)1.910.02104 M1s1 forA6C.
(D) koff values were estimated from 	off (A) using Equation 2. Fits with Equation 5 (solid lines) yield values of 
off 0.01  0.08 and koff(0)  6.4 
1.7 104 s1 for L5C and 
off  0.01 0.14 and koff(0) 1.00 0.37 103 s1 for A6C.
(E) Kd values were estimated as the ratio of koff and kon (Equation 3). Fits with Equation 6 (solid lines) yield values of 
  0.66  0.04 and Kd(0) 
1.58 0.47 105 M for L5C and 
  0.28 0.07 and Kd(0) 5.3 2.0 108 M for A6C.
(F) Same conditions as in (A) except recovery from Cd2 block was monitored by measuring glutamate-activated current amplitudes following a
30 min wash in the absence of glutamate and in the continuous presence of CNQX (10 M, gray box).
(G) Mean percent recovery of glutamate-activated current amplitude after 30 min washout either with repetitive glutamate applications (protocol
in A, solid bars) or in the absence of glutamate but in the continuous presence of CNQX (protocol in F, open bars) (n 3).
potentials with single exponential functions yielding time (0.73  0.02) but almost twice as large as that for A6C
(0.15  0.01; Sobolevsky et al., 2003), apparently re-constants 	on and 	off, respectively (Figure 2A). These time
constants were used to estimate the apparent rate con- flecting as delineated below (Figure 7) that multiple Cd2
ions interact with A6 cysteines. In contrast to kon, thestants for Cd2 block, kon, recovery from it, koff, and the
corresponding dissociation constant, Kd (see Experi- rate constant for recovery from Cd2 block, koff, was es-
sentially voltage independent (Figure 2D) for both L5Cmental Procedures). Figures 2C–2E show values of kon,
koff, and Kd calculated using Equations 1–3 at different (
off  0.01  0.08) and A6C (
off  0.01  0.14). The
apparent dissociation constant, Kd, estimated as a ratiomembrane voltages.
At any one potential, kon for A6C was always greater of koff and kon, was voltage dependent (Figure 2E), with the
values of 
, the depth of the presumed Cd2 binding sitethan that for L5C (Figure 2C). For both positions, how-
ever, these rate constants were voltage dependent but inside the transmembrane electric field, much larger for
L5C (0.66 0.04) than for A6C (0.28 0.07).more so for L5C, increasing e-fold with 19 mV mem-
brane hyperpolarization, whereas for A6C, they in- The voltage dependence illustrated in Figures 2C–2E
strongly supports the idea that Cd2 acts as an opencreased e-fold with 46 mV hyperpolarization. The corre-
sponding fraction of the transmembrane electric field channel blocker of L5C and A6C channels. Upon re-
moval of blocker and agonist, open channel blockers actCd2 passes to reach its binding site, 
on  0.66  0.04
for L5C and 0.27  0.02 for A6C, is comparable to via two major mechanisms: either they prevent channel
closure, holding it in the open state via the so-called se-the voltage dependence of MTSEA reactivity for L5C
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Figure 3. DMPS Accelerates the Recovery
from Cd2 Block for A6C Channels
(A) Slow recovery of glutamate-activated cur-
rent from Cd2 block in A6C channels. Cd2
(100 M, open box) was applied for 1 min at
Vh  60 mV in the continuous presence of
glutamate (thin lines).
(B) Same as in (A) except that DMPS (500 M,
black box) was applied for 30 s in the continu-
ous presence of glutamate shortly after the
Cd2 application.
(C) Same as in (B) except that DMPS was ap-
plied in the absence of glutamate but in the
continuous presence of CNQX (10 M, gray
box).
quential or foot-in-the-door mechanism, or they permit fact that DMPS can access the coordination complex in
the absence of glutamate strongly supports the idea thatchannel closure, getting trapped inside the pore in the
closed state. Such trapping blockers require channel Cd2 when blocking A6C channels holds them in the
open state.opening to leave the pore. As shown in Figure 2F (cf. Fig-
ure 2A) and summarized in Figure 2G, however, the rate
of recovery from Cd2 block did not change significantly Intersubunit Crosslinking of A6
if, instead of repetitive glutamate applications, the cell Cysteines by Cu:Phen
was washed in the absence of glutamate but in the pres- The distance between Cd2 and S of cysteine in coordi-
ence of the competitive antagonist CNQX. Therefore, the nation complexes is2.5 A˚ (Narula et al., 1995; Naylor et
rate of recovery from block does not depend on channel al., 1998). If multiple cysteines are involved in Cd2 coor-
opening, indicating that Cd2 most likely acts as a se- dination, they must therefore be in close proximity.
quential blocker of L5C and A6C channels. Accord- Closely located cysteines can also be crosslinked by di-
ingly, it holds the channel in the open state in the absence sulfide bonds (Careaga and Falke, 1992). Indeed, cur-
of glutamate, suggesting that the large portion of the M3 rents in A6C channels were potentiated by the reducing
segment at least as deep as L5 and as external as A6 agentdithiothreitol (DTT,1mM)byabout18%(%change
moves during gating. Later results support this idea. 18.0%  1.4%, n  4), whereas DTT was without effect
onwt’channels (%change0.5%5.0%,n3).Hence,
DMPS Accelerates the Recovery from Cd2 A6 cysteines may undergo spontaneous crosslinking,
Block for A6C Channels an effect that should be enhanced by oxidizing agents.
The reagent 2,3-dimercapto-1-propanesulfonate (DMPS) To test this idea, we applied a redox catalyst copper
is a di-thiol compound that can displace protein ligands, (II):phenanthroline (Cu:Phen, 2:50 M) in the continuous
releasing coordinated substances, as seen with arseni- presence of glutamate (Figure 4A). For A6C, Cu:Phen
cal reagentsandCd2 innicotinicacetylcholinereceptors reduced glutamate-activated current amplitudes by
and K channels (Loring et al., 1992; Liu et al., 1997). Fig-
ure3 showsthe recoveryof glutamate-activatedcurrents
for A6C following Cd2 block either without (A) or with
(B and C) a DMPS treatment. Without DMPS, recovery of
currents was slow (Figure 3A). In contrast, a 30 s applica-
tion of DMPS (500 M) in the presence of glutamate re-
sulted in rapid and complete recovery of glutamate-acti-
vated current (Figure 3B), actually potentiating them
somewhat, possibly due to DMPS-induced recovery
from coordination of traces of heavy metals in the extra-
cellular solution by A6C. In similar experiments with
L5C, DMPS did not accelerate the rate of current recov-
ery for Cd2-blocked channels (data not shown), possibly
reflecting that because of a restricted access to this deep
Figure 4. Effect of Copper(II):Phenanthroline on Currents in A6C
position, the fairly large DMPS is unable to displace Cd2 Channels
from the coordinating complex. In any case, the DMPS-
(A)Protocol toassaytheeffectofcopper(II):phenanthroline (Cu:Phen)
induced acceleration of current recovery for A6C on A6C channels. Cu:Phen (2:50 M, open box) was applied for 1
strongly supports the idea that coordination of Cd2, pre- min in the continuous presence of glutamate (thin lines). Subsequent
toseveral interveningglutamateapplications, thereducingagentDTTsumably by cysteines introduced at A6, underlies the
(1 mM, gray box) was applied for 2 min in the continuous presenceblock.
of glutamate.Figure 3C shows that when DMPS was applied in the
(B) Mean percent change (% change) in glutamate-activated currentabsence of glutamate, it also induced a fast recovery of
amplitude measured before and after exposure to Cu:Phen (2:50M)
glutamate-activated current amplitudes. All of the other applied in the presence (Glu, left) or absence (Glu, right) of gluta-
reagents we tested on A6C acted in the presence but mate according to the protocols shown in Figures 1B and 1D. The
filled bar indicates the value is statistically different from zero (n 4).not in the absence of glutamate (see below). Hence, the
Structure and Gating of AMPAR Channels
371
nearly 80% (Ipost/Ipre0.210.02, n10). Consistent with cess L5C in its charged form. Such a pattern of reactiv-
ity suggests that independent of the activation state,this effect due to crosslinking, Cu:Phen-induced current
inhibition was almost completely reversed by a 2 min ap- L5C faces the lumen of the channel. Access to L5C,
however, is restricted, with this restriction gettingplication of DTT (IDTT/Ipre  0.82 0.03, n 7) (Figure 4A)
and was not mimicked by copper (2M, Ipost /Ipre 0.97 stronger in the closed compared to the open conforma-
tion of the channel.0.02, n  4) or phenanthroline (50 M, Ipost /Ipre  1.00 
0.03, n 4) applied separately. A6Cchannelsshowaverydifferentpatternof reactiv-
ity. In particular, all four reagents significantly inhibitedIn contrast to A6C channels, Cu:Phen did not alter
current amplitudes in wt’ orL5C channels when applied currents when applied in the presence of glutamate
(Glu), but none produced significant changes when ap-in the presence of glutamate (Figure 4B, Glu), sug-
gesting that crosslinking is specific and related to the in- plied in the absence of glutamate (Glu). This state de-
pendence of reactivity presumably reflects that upontroduced A6 cysteines. When applied in the absence
of glutamate (Figure 4B, Glu), Cu:Phen did not affect channel closure A6C becomes buried inside the pro-
tein, an idea consistent with the state-dependent resultscurrents in wt’, L5C, or A6C. Hence, A6C channels
have to be in the open conformation for crosslinking to for Cd2 (Figure 1E) and Cu:Phen (Figure 4B). Finally, the
accessibility of A6C to the large qBBr (7  10  12 A˚)occur. However, once crosslinked, channels enter into
a non- or poorly conducting state. That this state is the suggests that the diameter of the open channel at A6 is
greater than 10 A˚. A more internal position, T2C, wasclosed one seems unlikely since DTT, when applied in the
absence of glutamate, also caused recovery from also accessible to qBBr in the presence of glutamate (%
change  20.5%  3.6%, n  5), supporting the idea ofCu:Phen-inducedcurrent inhibition (IDTT/Ipre0.720.06,
n 6). Alternatively, crosslinked A6C channels may be a wide pore in the open state at A6.
in a nonconducting open state or in some distorted state
that is distinct from either the open or closed states. Inhibition of Currents in A6C Channels Depends
The effectof Cu:Phen presumably reflects crosslinking on the Number of Introduced Cysteines
of cysteines substituted at A6. However, this intro- and Their Arrangement
duced cysteine could crossreact with native cysteines. Glutamate-activated currents in channels containing
Based on the presumed topology of GluR subunits and four introduced cysteines at A6 are inhibited by Cd2
placing A6 in the extracellular vestibule of the channel, (Figure 1), Cu:Phen (Figure 4), and sulfhydryl-specific re-
the only potential cysteine nearby is C524, located in the agents (Figure 5). To further address the mechanism of
N-terminal part of the M1 segment. However, currents in this inhibition and the spatial arrangement of introduced
a double mutant channel, where this cysteine was mu- cysteines, we studied the effect of these reagents on
tated to serine (C524S) in the A6C background, re- channels containing different numbers of reactive cys-
mained strongly inhibited by Cu:Phen (% change  teines by injecting oocytes with wt’ and A6C mRNAs
82.1%  1.7%, n  5), just as in A6C channels alone mixed at various ratios (wt’:A6C; 1:0, 0.75:0.25, 0.5:0.5,
(% change78.8%1.6%, n10). Hence, the endoge- 0.25:0.75, and 0:1). None of the test substances had ef-
nous C524 is not involved in disulfide bond formation. fects on wt’ channels, suggesting that reactive cysteines
arose from A6.
Figure 6A shows representative currents recordedAccessibility of L5C and A6C
to Sulfhydryl-Specific Reagents from oocytes injected with a mixture of wt’ and A6C
(0.5:0.5; left) or with only A6C (right) subunit RNA. Sur-Previously, we found that L5C and A6C were acces-
sible to the small MTS reagents MTSEA and MTSET prisingly, current inhibition for the 0.5:0.5 mixture relative
to A6C alone was different for all three substances. In-(Sobolevsky et al., 2003). To further explore the state-
dependent pore geometry around these positions, we deed, Cd2 had only a weak effect on glutamate-acti-
vated currents for the 0.5:0.5 mixture, yet strongly re-contrasted their accessibility to the differently sized sulf-
hydryl-specific reagents, MTSEA, MTSET, PTrEA, and duced them for A6C alone (upper row). On the other
hand, qBBr inhibited currents to about the same extentqBBr (Figure5A),either in thepresence(Glu)orabsence
(Glu) of glutamate (Figure 5B). For wt’ channels, none for the 0.5:0.5 mixture and A6C (bottom row), whereas
Cu:Phen produced an intermediate effect on the 0.5:0.5of the reagents produced persistent changes in current
amplitudes, suggesting that any possible modification of mixture relative to A6C (middle row).
Figure 6B summarizes the effect of the three reagentsendogenous cysteines does not affect glutamate-acti-
vated currents. with the % change plotted against the fraction of injected
A6C subunit. To compare the effects of Cd2, Cu:Phen,For L5C channels, only the smallest reagent, MTSEA,
significantly changed glutamate-activated currents when and qBBr and to make theoretical predictions, we nor-
malized the inhibition to its maximal value (Figure 6C).applied in the presence of glutamate. Reactivity of L5C
with MTSEA and Cd2 in the open state but not with Assuming a binomial distribution of wt’ and A6C sub-
units forming tetrameric AMPAR channels (see Experi-MTSET,PTrEA,orqBBrsuggests thataccessibilityof this
substituted cysteine depends critically on the size of the mental Procedures), we generated predictions for differ-
ent models of a reagent interacting with mutant subunitsreagent.MTSEAwasalso theonly reagent to interactwith
L5C in the absence of glutamate, though the modifica- in a mixture with wild-type (solid lines in Figure 6C).
Models 1 to 4 in Figure 6C imply that only one (1), anytion rate was 20 times slower than that in the presence
of glutamate (Sobolevsky et al., 2003). In addition, this two (2),any three (3),or all four (4) cysteinessubstituted at
A6 are necessary for a reagent to block current. Clearly,modification rate in the absence of glutamate is voltage
dependent (data not shown), arguingthat MTSEA can ac- Model1describeswell theeffectofqBBr,suggestingthat
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Figure 5. Modification of L5C and A6C by Sulfhydryl-Specific Reagents
(A) Chemical structures of the methanethiosulfonate (MTS) reagents, 2-aminoethyl MTS (MTSEA), 2-(trimethylammonium)ethyl MTS (MTSET),
3-(triethylammonium)propyl MTS (PTrEA), and monobromotrimethyl-ammoniobimane (qBBr). The diameters of the head group for MTS reagents
and dimensions for qBBr are given in parenthesis.
(B) Mean percent change (% change) in glutamate-activated current amplitude measured before and after a 1 min application of sulfhydryl-specific
reagents (2 mM) in the presence (Glu, left) or absence (Glu, right) of glutamate. The % change values for MTSEA (Glu, Glu) and MTSET
(Glu) are taken from Sobolevsky et al. (2003). Filled bars indicate values statistically different from zero (n 3).
a single A6C subunit within the channel is sufficient to of Cd2 ions participating in this block is unknown. In-
deed, all three possibilities shown in Figures 7A–7C sat-produce its maximal effect. Model 4, where all four A6
cysteines are necessary for Cd2 to produce its effect, is isfy Model 4: all four A6 cysteines may be necessary to
coordinate a single Cd2 ion (Figure 7A); each A6 cys-definitely the best fit for Cd2block. A structural interpre-
tation of this result, however, is ambiguous, and experi- teine may coordinate one Cd2 ion with four ions needed
to block current (Figure 7B); or pairs of A6 cysteinesments that address this point are presented in Figure 7.
Models1to4donot fitwell theCu:Phen-inducedinhibi- may coordinate two Cd2 ions, with both ions necessary
to prevent current flow (Figure 7C). To distinguish thesetion (Figure 6C). These models assume that a reagent in-
teracts with any 1, 2, 3, or 4 of 4 substituted cysteines, alternatives, we studied how well the corresponding ki-
netic models (Models 1Cd, 4Cd, and 2Cd in Experimentalindependent of their relative positioning. In contrast,
Cu:Phen requires two closely located cysteines, with the Procedures) fitted the onset of block at different Cd2
concentrations. Since different numbers of Cd2 ionsprobability of disulfide bond formation between cys-
teines steeply dependent on the distance between their (oneforModel1Cd, twoforModel2Cd,andfour forModel
4Cd)arenecessary to inhibitcurrent flow, theonsetkinet-carbons(CareagaandFalke,1992).Wetherefore tested
two additional, spatially constrained models and as- ics predicted by these models is very different (Figures
7D–7F). Model 2Cd provided the best fit of the onset ki-sumed a priori that given the wide diameter of the pore
at A6, any crosslinking would occur between adjacent netics at different Cd2 concentrations (Figures 7C and
7F). In addition, a re-analysis of the voltage dependencerather than diagonal subunits. The first model (A in Figure
6C) allows any two neighboring A6 cysteines to be of the block using Model 2Cd yielded 
on  0.14  0.01,
a value indistinguishable from that for MTSEA reactivitycrosslinked. Model A implies that all four A6 cysteines
are equivalent and, therefore, is consistent with 4-fold (0.15 0.01; Sobolevsky et al., 2003) (cf. 0.27 0.02 for
Model 1Cd, Figure 2C). Therefore, the kinetics of Cd2symmetry. The second model (B in Figure 6C) requires
that only two selected pairs of A6 cysteines can be blocksuggest that twoCd2 ionsarecoordinatedbypairs
of A6 cysteines. From a structural perspective, this re-crosslinkedbyCu:Phen.ModelBimpliesanonequivalent
positioning of A6 cysteines. The normalized % change sult suggests an asymmetry of A6 cysteines and to-
gether with the result for Cu:Phen (Model B in Figure 6C)for Cu:Phen-induced inhibition is clearly well fitted by
Model B but not Model A. Hence, A6 cysteines do not strongly supports a 2-fold rather than a 4-fold symmetry
of the channel at A6.appear identical but rather may be grouped in pairs, sug-
gesting a 2-fold rather than a 4-fold symmetry at the level
of A6. Discussion
In the present study, we took advantage of the fact thatPairs of A6 Cysteines Coordinate Two Cd2 Ions
All four A6 cysteines are necessary for Cd2 to produce cysteinesreactwithavarietyofmodifyingagentstostudy
the positioning of the M3 segments in AMPAR channelsits blocking action (Model 4 in Figure 6C), but the number
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Figure 6. Effects of Cd2, Cu:Phen, and qBBr on Channels Composed of Both Wild-Type and A6C Subunits
(A) Current records illustrating the effect of Cd2 (100 M, upper row), Cu:Phen (2:50 M, middle row), and qBBr (2 mM, bottom row) on AMPAR
channels in oocytes injected with 0.5:0.5 mixture of wt’ and A6C (left column) or only A6C (right column) subunit RNA. All three reagents (open
boxes) were applied in the continuous presence of glutamate (thin lines).
(B) Mean percent change (% change) in glutamate-activated current amplitudes measured before and after application of Cd2 (circles), Cu:Phen
(triangles), or qBBr (squares) versus the presumed fraction of A6C subunit in its mixture with wt’. A minimum of 5 cells was recorded for each
mean value. The error bars are not shown if smaller than the symbol size.
(C) % change normalized to its maximum value, which was obtained for channels composed only of A6C (see B). The solid lines show expected
relationships between normalized % change and the fraction of A6C in its mixture with wt’ if only one (1), any two (2), any three (3), all four (4),
any two neighboring (A), or any of two selected pairs (B) of the substituted A6 cysteines are essential for a reagent to block the current through
AMPAR channels (see Experimental Procedures).
during gating. All of our experimental approaches have channels,L5CandA6C(Figure1).Sincethis inhibition
was use (Figures 2A and 2B) and voltage (Figures 2C–2E)their limitations. For example, Cd2 may be coordinated
by cysteine as well as noncysteine ligands, and the coor- dependent, we concluded that Cd2 acts as an open-
channel blocker of these channels.dination complexes may show diverse geometries (Holm
et al., 1996). In addition, the assumptions of the reactivity There are two major types of open-channel blockers
defined based on their interaction with the gating ma-of sulfhydryl-specific reagents with substituted cys-
teines (Karlin and Akabas, 1998) as well as the dynamic chinery: sequential or foot-in-the-door and trapping
blockers. Since recovery from Cd2block showed no usenature of their crosslinking (Careaga and Falke, 1992)
constrain the interpretation of our results. Still, despite dependence (Figures 2A, 2F, and 2G), Cd2 apparently
acts as a sequential blocker and, accordingly, when oc-these limitations, we are able to make fundamental state-
ments about the structure and geometry of the GluR ion cupying the channel at L5C or A6C holds it in the open
state. Therefore, the M3 segments in AMPAR channels,channel becauseof theoverall consistencyof our results.
both deep inside the pore (L5) and more externally
(A6), move during gating. This idea is consistent withThe Entire M3 Segment Moves during Gating
Cd2 can bind to multiple water-accessible sulfhydryls, the earlier observation that the GluR M3 segment does
not contain a gating hinge, in contrast to the homologousmaking it a useful tool to study the pore geometry of ion
channels (e.g., Liu et al., 1997; Laine et al., 2003). We domain in K channels, and presumably is fairly rigid
during gating (Sobolevsky et al., 2003). Accordingly, gat-therefore applied Cd2 to AMPARs containing cysteine
substitutions at water-accessible positions in the pore- ing-related movement of the C-terminal part of M3, spe-
cifically that coupled to the ligand binding domain, willlining M3 segment (Sobolevsky et al., 2003), being pri-
marily interested in effects that lasted beyond the Cd2 propagate through the entire extent of M3.
Cd2 is a small ion and acts as a sequential blockerapplication since they would presumably reflect coordi-
nation by multiple ligands. We found such long-lasting in mutant AMPAR channels. In contrast, all other known
non-NMDAR channel blockers such as polyamines andinhibition of glutamate-activated current for two mutant
Neuron
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Figure 7. Different Models of Cd2 Coordina-
tion by A6 Cysteines
(A–C) Possible cross-sections of the open
AMPAR channel parallel to the surface of the
membrane at the level of A6. Gray circles
designate the M3 segments of four (I, II, III, and
IV) AMPAR subunits. Cyan and magenta indi-
cate Satoms of cysteines substituted at A6
and Cd2 ions, respectively. The channel has
either 4-fold (A and B) or 2-fold (C) symmetry.
(A) One Cd2 ion is coordinated by four A6
cysteines, each from a different subunit.
(B) Each A6 cysteine coordinates only one
Cd2 ion.
(C) Two Cd2 ions are coordinated, each by
oneoftwo identicalpairs.Arrowsindicate limi-
tations on distances between S atoms of
A6 cysteines.
(D–F)TheonsetkineticsofCd2blockofA6C
channels at different Cd2 concentrations:
0.025M(black),0.05M(red),0.1M(green),
0.2 M (blue), and 0.4 M (yellow). The sym-
bols represent the normalized current ampli-
tudes measured at 60 mV according to the
protocol shown in Figure 2A. The solid lines
arepredictions ofModels1Cd (D),4Cd (E),and
2Cd (F) (see Experimental Procedures).
polyamine toxins act as trapping blockers yet are large the expected distance between Cd2and Sof cysteines
molecules (e.g., Bahring and Mayer, 1998; Bowie et al., is2.5 A˚, suggesting that coordinating cysteines can be
1998; see Sobolevsky, 2003, for review). In addition, se- no more than 5 A˚ apart. Although such distances might
quential blockers of NMDAR channels are usually larger be accommodated in the closed state, all evidence indi-
than trapping blockers, with their size critical to pre- cates that these reactions in A6C channels occur only
venting channel closure (Antonov et al., 1998; Sobolev- in the open state when the pore diameter is quite large.
sky et al., 1999). These blockers, however, typically have In a strict homology to open K channels, A6 corre-
much faster dissociation kinetics (e.g., Costa and Albu- spondstopositionL95inMthK(Jiangetal.,2002a),where
querque, 1994; Antonov and Johnson, 1996) than that for adjacent  carbons of introduced cysteines would be
Cd2 (Figure 2). Indeed, we think the distinctive features separated by more than 17 A˚. Consistent with a wide pore
of the block reflect that Cd2 is involved in strong metal around A6 in the open state is the accessibility of this
coordination locking introduced cysteines in the open position as well as a deeper one T2 to the large and rigid
state rather than acting via relatively weak hydrophobic qBBr, suggesting a diameter of at least 10 A˚.
and electrostatic interactions that usually mediate In contrast to the 4-fold rotational symmetry models,
blocker/channel interactions in GluRs. In the closed the 2-fold rotational symmetry model (Figure 7C) can ac-
channel, however, L5 or A6 cysteines are apparently count for all experimental results. Indeed, cysteines in
positioned differently and do not form a coordinating adjacent subunits (I and II as well as III and IV) can coordi-
complex for Cd2. Therefore, sequential block of AMPAR nate Cd2 if the distance between their A6C S atoms
channels by Cd2 arises because channels cannot close
is5 A˚. On the other hand, A6C S atoms of the diago-
until Cd2 ions dissociate, permitting substituted cys-
nal M3 segments are positioned much further apart
teines to move to their closed state positions.
(10 A˚) to accommodate the greater pore dimension in
the open state including the reactivity with qBBr. Accord-2-Fold Rotational Symmetry of the Extracellular
ingly (Pythagorean theorem), the distance betweenPart of the GluR Ion Channel
A6C S atoms of subunits I and IV or II and III is greaterThe tetrameric structure as well as homology to Kchan-
than 8.6 A˚ (Figure 7C). Within the context of Model B innels (see Introduction) suggests a symmetrical arrange-
Figure 6C, Cu:Phen can crosslink subunits I and II as wellmentofGluRsubunits.Accordingly, relativeto thecentral
as III and IV but not subunits I and IV or II and III.axis of the pore, the M3 segments could have 4-fold (Fig-
In GluRs, the conformational change in the ligand bind-ures 7A and 7B) or 2-fold (Figure 7C) rotational symmetry.
ing domain, following binding of glutamate, initiates theHowever, coordination of two Cd2 ions (Figure 7) by four
movement of the M3 segment, leading ultimately to poreA6 cysteines (Figure 6C) and crosslinking of only two
opening. The ligand binding domain has a 2-fold rota-selected pairs of A6 cysteines by Cu:Phen (Figure 6C)
tional symmetry (Sun et al., 2002). Our results suggestargue against A6 cysteines being arranged identically
that there is also a 2-fold rotational symmetry of at mini-as expected from 4-fold symmetry. Geometric con-
mum the extracellular part of the GluR channel. Accord-straints also argue against a single Cd2 ion being coordi-
ingly, it seems likely that the general character of move-nated by four cysteines (Figure 7A). Indeed, based on the
ment of the ligand binding domain proximal to the S2-M3high-resolution molecular structures of Cd2 coordina-
tion complexes (Narula et al., 1995; Naylor et al., 1998), linker extends to the extracellular part of M3.
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also permit a transition from a 2-fold symmetry in the
outer pore to a 4-foldsymmetry deeper in the pore, possi-
bly accounting for the regular pattern of accessibility of
the deep part of M3 and the strong structural homology
of the M2 loop to the P loop in K channels (see Intro-
duction).
The differently kinked M3 segments might also account
forsomeof thedistinctpropertiesof theSYTANLAAFmotif.
In the closed state, SYTANLAAF shows a pattern of ac-
cessibilityconsistentwithan-helical secondarystructure
(Sobolevsky et al., 2003). However, in the open state, six
of seven positions extracellular to Y in SYTANLAAF are
accessible. Since SYTANLAAF is located within the trans-
membrane electric field, it is unlikely to be water accessi-
ble from all sides. Rather, with the M3 segments kinked
in opposite directions, different sides of SYTANLAAF of
adjacent subunits are exposed to the lumen of the pore
in the open state.
In the model shown in Figure 8, the movement of the
extracellular ends of M3 during gating retains the general
character of movement of the ligand binding domain
proximal to the S2-M3 linker. During channel opening,
Figure 8. Possible Structural Model of AMPAR Channel Gating
when each dimer of the ligand binding domain goes from
AMPAR channel in the closed (left) and open (right) conformations. the open to the closed clam shell-like conformation, the
Each column contains two cartoons that illustrate the channel viewed
distance between isoleucines (629 or 18 in GluR-A) inlaterally (top) or from the extracellular side of the membrane (bottom).
each dimer increases from 28 to 36 A˚, a total of 8 A˚, anDifferentcolors (red,green, yellow,andblue) refer to differentAMPAR
approximate 30% increase (Armstrong and Gouaux,subunits. Only the M2 loops and M3 segments are shown for each
subunit. Cylinders represent presumed -helical regions. The kink in 2000; Sun et al., 2002). The model in Figure 8 has a similar
M3 is introduced in the extracellular third of the channel where 30% increase in the distance between the extracellular
SYTANLAAF is located. Spheres indicate sulfur atoms of cysteines ends of M3 (see also Supplemental Movie S1 at http://
(cyan) and Cd2 ions (magenta).
www.neuron.org/cgi/content/full/41/3/367/DC1).
Hence, according to this model, Cd2binding and cross-
linking of A6C occurs between two pairs of adjacentStructural Model of Gating in AMPAR Channels
subunits arising from different ligand binding domainPreviously we proposed a structural model of gating in
dimers.AMPAR channels, based on the open and closed K
Althoughthemodelshown inFigure8 isconsistentwith
channel structures, which included a rigid M3 (Sobolev-
a number of experimental results, including the close po-
sky et al., 2003). To refine this structural model, we incor-
sitioning of A6 in the open state, it certainly is not the
porated the finding of 2-fold symmetry, including the ob-
only possible alternative, and at present, given the lack
servation that in the open state two neighboring A6 of direct structural information, it must be viewed as
cysteines are in close enough proximity to bind Cd2 or speculative. For example, one constraint we placed on
to be crosslinked (Figure 7C). the model is a 4-fold rotational symmetry for the bottom
A6 is located on the border between accessible and two-thirds of the pore, but evidence for this remains indi-
nonaccessible halves of an  helix, being buried inside rect. Nevertheless, the model shown in Figure 8 is struc-
the protein in the closed state but exposed to the channel turally feasible. Previouswork onvoltage-gated Kchan-
lumen in the open state (see Figure 5A in Sobolevsky et nels (del Camino et al., 2000; Li-Smerin and Swartz, 2001)
al., 2003). Regardless of pore symmetry, such a loca- and small conductance mechanosensitive channels
tion—which places A6 on the remote sides of adjacent MscS (Bass et al., 2002) have shown that -helical trans-
 helices—makes it difficult in any state to get a close membrane domains can be kinked. However, the most
positioning of A6 cysteines. Accordingly, one cannot distinctive feature of the model is that the kink occurs in
simply modify or rearrange the K channel topology to opposite directions for adjacent subunits. While gating
accommodate the 2-fold symmetry, and specifically the transitions for such differently kinked helices can occur
close positioning of A6 in the open state. Therefore, the (see Supplemental Movie S1 at http://www.neuron.org/
M3 segments in GluR subunits must have some distinct cgi/content/full/41/3/367/DC1), they must require an ac-
structural feature. commodating environment and unique side chain proper-
Figure 8 illustrates one possible structural model that ties at the kinks. The M4 segments, which are unique to
incorporates the 2-fold symmetry in the extracellular part GluR subunits and apparently are essential for functional
of the channel. In this model, the upper thirds of the M3 GluRs (Schorge and Colquhoun, 2003), may be a neces-
segments in any two neighboring subunits are kinked by sary element for the M3 structural environment. In addi-
about45 inoppositedirectionsrelativetothecentralaxis tion, the kink presumably occurs within SYTANLAAF,
of the pore, with this kink possibly occurring around the possibly around serine (S0). Indeed, serine side chains
serine residue (S0) in the SYTANLAAF motif (see below). (as well as cysteine side chains) permit a hydrogen bond
The presence of these differently kinked M3 segments between the O (S in cysteine) and backbone carbonyls
destabilizinghelices (GrayandMatthews,1984)andarepermits a close positioning ofA6 in the open state. They
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mate application ranged from 1.25 to 5 min. The change in thefrequently found, along with glycine and proline, at kinks
glutamate-activated current amplitude, expressed as a percentagein transmembrane helices of integral membrane proteins
(% change), was calculated as (1 Ipost/Ipre) 100.(Li-Smerin and Swartz, 2001). The presence of the kink in
Kinetics
SYTANLAAF may also account for why mutations in this The kinetics of Cd2block was determined using a “pulsive” protocol
domain induce a variety of Lurcher-like effects (e.g., shown in Figure 2A. The onset and offset kinetics were fitted by single
exponential functions with time constants 	on and 	off, respectively.Kohda et al., 2000; Jones et al., 2002; Sobolevsky et al.,
Since we used a saturating concentration of glutamate (1 mM) and2003). Nevertheless, additional experiments will be
the probability of AMPAR channel opening is presumably close to 1needed to fully resolve the structural arrangement of the
(Derkach et al., 1999; Banke et al., 2000), these time constants can beM3 segment during gating and the structural and func-
used to estimate the apparent rate constants for Cd2 block, kon, andtional significance of SYTANLAAF. recovery from it, koff, according to the simple bimolecular reaction
scheme (Sobolevsky, 2003):
Experimental Procedures






,All cysteine substitutions were introduced into a GluR-A (flip form)
expression construct where a leucine in the ligand binding domain
was substituted with a tyrosine [GluR-A(L479Y)]. This construct is es- where O* and OB are the open and open blocked states of the channel,
sentially nondesensitizing (Stern-Bach et al., 1998). Point mutations respectively, and [B] is the Cd2concentration. The asterisk indicates
were generated as described (Sobolevsky et al., 2003). cRNA was the conducting state. The values of kon and koff were estimated from
transcribed and capped for each expression construct using SP6 the following equations:
RNA polymerase (Ambion Inc., Austin, TX) and examined electropho-
retically on a denaturating agarose gel. RNA concentrations were de- kon  (1/	on  1/	off)  T0 /(T1  [B]) (1)
termined by ethidium bromide stain of the gel relative to an RNA
koff  1/	off, (2)molecular weight marker. Dilutions of RNA (0.01–0.1g/l) were pre-
pared in order to achieve optimal expression. Nondesensitizing wild-
where T0 is the time between the beginning of two consecutive Cd2type [GluR-A(L479Y) orwt’]or cysteine-substitutedsubunits wereex-
applications and T1 is the duration of a Cd2application. The apparentpressed in Xenopus laevis oocytes. Oocytes were prepared, injected,
dissociation constant for Cd2 block, Kd, was estimated as a ratio ofand maintained as described (Wollmuth et al., 1996; Sobolevsky et
koff and kon:al., 2002a). Recordings were made one to six days after injections.
Kd  koff /kon. (3)
Current Recordings and Data Analysis
Whole-cell currents of Xenopus oocytes were recorded at room tem- The voltage dependence of kinetic parameters for Cd2 block was
perature (20C–23C) using two-electrode voltage-clamp (DAGAN analyzed according to the following equations:
TEV-200A, DAGAN Corp., Minneapolis, MN) with Cell Works software
kon  kon(0)  exp (z
onFVh/RT), (4)(npielectronic,Tamm,Germany).Microelectrodeswere filledwith3M
KCl and had resistances of 1–4 M. To minimize solution exchange
koff  koff(0)  exp ( z
offFVh/RT), (5)rates, we used a narrow flow-through recording chamber with a small
volume of70l. The external solution consisted of (mM): 115 NaCl, Kd  Kd(0)  exp ( z
FVh/RT), (6)
2.5 KCl, 0.18 CaCl2, and 10 HEPES (pH 7.2, NaOH). Glutamate (1 mM),
Cd2, as well as all other reagents were applied in the bath solution. where Vh is the holding membrane potential, kon(0), koff(0), and Kd(0)
Data analysis was done using Igor Pro (WaveMetrics, Inc., Lake are kon, koff, and Kd at Vh  0 mV, 
on and 
off are the fractions of the
Oswego,OR)andMicrocalOrigin4.1 (Northampton,MA).Foranalysis transmembrane electric field Cd2 passes to reach and leave its
and display (except for Figures 1B–1D and 3), leak currents were sub- blocking site, respectively, 
  
on  
off is the depth of the Cd2
tracted from total currents. Results arepresented as meanSEM. An blocking site inside the transmembrane electric field, and z 2 is the
ANOVAoraStudent’s t testwasusedtotest forstatisticaldifferences. charge of Cd2 ion. F, R, and T have their usual physical meaning.
The Tukey test was used for multiple comparisons. Significance was To simulate the kinetics of Cd2 block at different Cd2 concentra-
assumed if p 0.05. tions (Figures 7D–7F), we introduced two additional kinetic models
that differ from Model 1Cd by the number of Cd2 ions that are neces-
Experimental Protocols and Kinetic Analysis sary to block current flow:
Wild-type and cysteine-substituted AMPAR channels were probed
from the extracellular side of the membrane with cysteine-reactive










Model 2Cd,ous methanethiosulfonate (MTS) reagents (2-aminoethylMTS(MTSEA),
2-(trimethylammonium)ethyl MTS (MTSET), 3-(triethylammonium)
propyl MTS (PTrEA)), and monobromotrimethyl-ammoniobimane where two Cd2 ions or
(qBBr). Stock solutions of phenanthroline (0.5 M) and CuSO4 (0.1 M)
were diluted to the experimental concentrations in the external solu-


















Model 4Cd,chasedfromTorontoResearchChemicals, Inc. (Ontario,Canada)and
were prepared, stored, and applied as described (Sobolevsky et al.,
2002a). qBBr was obtained from Molecular Probes (Eugene, OR). All where four Cd2 ions are necessary. The kinetics of Cd2 block was
measured using the protocol illustrated in Figure 2A and fitted byother chemicals were obtained from Sigma (St. Louis, MO).
Steady-State Reactions Models 1Cd, 2Cd, or 4Cd by the method described earlier (Sobolev-
sky et al., 1999). The koff value (1.3  103 s1 for Model 1Cd, 0.67 Steady-state reactions were quantified at 60 mV (see Figures 1B–
1D). Baseline glutamate-activated current amplitudes (Ipre) were es- 103 s1 for Model 2Cd, and 0.33 103 s1 for Model 4Cd) was esti-
mated for each model by fitting the current recovery after block bytablished by three consecutive 15 s applications of glutamate sepa-
rated by 60 to 120 s washes in glutamate-free solution. Subsequent 100M Cd2. At the given koff, the kon value (0.9 105 M1s1 for Model
1Cd, 1.8  105 M1s1 for Model 2Cd, and 2.5  105 M1s1 for Modelto the last wash, a reagent was applied for 60 s either in the presence
of glutamate or in its absence (but in the presence of 10 M CNQX). 4Cd) was estimated from the best fit of the onset kinetics at 0.1 M
Cd2. Families of onset kinetics curves were than simulated by eachAfter exposure to the reagent, current amplitudes (Ipost) were then de-
termined again using three glutamate applications. The washout in- model and normalized to the maximum inhibition of current at 0.4M
Cd2 (Figures 7D–7F).terval between the end of the reagent application and the first gluta-
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Predictions and Modeling (1999). NMDAR channel segments forming the extracellular vestibule
inferred from the accessibility of substituted cysteines. Neuron 22,Predictions
Predicted relationships between the normalized % change and the 559–570.
fraction of A6C in its mixture with wt’ (Figure 6C) were generated Bowie, D., Lange, G.D., and Mayer, M.L. (1998). Activity-dependent
based on the following assumptions. (1) There is an “all or nothing” modulation of glutamate receptors by polyamines. J. Neurosci. 18,
effect on % change for each particular combination of A6C and wt’ 8175–8185.
in functional AMPAR channel. (2) The fraction of A6C subunit in its
Careaga, C.L.,and Falke,J.J. (1992).Structure anddynamics ofEsch-
mixture with wt’ is defined by the corresponding amounts of injected
erichia coli chemosensory receptors. Engineered sulfhydryl studies.
RNA. (3) The probability of formation of the channel with x (1 to 4)
Biophys. J. 62, 209–219.
A6C subunits in a functional tetrameric channel follows the bino-
Chen, G.Q., Cui, C., Mayer, M.L., and Gouaux, E. (1999). Functionalmial distribution
characterization of a potassium-selective prokaryotic glutamate re-
Px  (4!/(x!  (4  x )!))  p x  (1  p ) x, (7) ceptor. Nature 402, 817–821.
Costa, A.C., and Albuquerque, E.X. (1994). Dynamics of the actionswhere p is the fraction of A6C in its mixture with wt’. The predicted
oftetrahydro-9-aminoacridineand9-aminoacridineonglutamatergicrelationships shown in Figure 6C (solid lines) are the following func-
currents: concentration-jump studies in cultured rat hippocampaltions of Px: P1  P2  P3  P4 if only one (Model 1), P2  P3  P4 if any
neurons. J. Pharmacol. Exp. Ther. 268, 503–514.two (Model 2), P3  P4 if any three (Model 3), P4 if all four (Model 4),
2P2 /3 P3  P4 if any two neighboring (Model A), and P2 /3 P3  P4 del Camino, D., Holmgren, M., Liu, Y., and Yellen, G. (2000). Blocker
protection in the pore of a voltage-gated Kchannel and its structuralif any of two selected pairs (Model B) of the substituted A6 cysteines
are essential for a reagent to block the current through AMPAR implications. Nature 403, 321–325.
channels. Derkach, V., Barria, A., and Soderling, T.R. (1999). Ca2/calmodulin-
Modeling kinase II enhances channel conductance of alpha-amino-3-hydroxy-
To generate a structural model of gating, we built a simplified 3D geo- 5-methyl-4-isoxazolepropionate type glutamate receptors. Proc.
metrical model of GluR channel (Figure 8, see Supplemental Movie Natl. Acad. Sci. USA 96, 3269–3274.
S1 at http://www.neuron.org/cgi/content/full/41/3/367/DC1) using
Dingledine, R., Borges, K., Bowie, D., and Traynelis, S.F. (1999). The
the POV-Ray (version 3.5 for Windows) program. This model is modi-
glutamate receptor ion channels. Pharmacol. Rev. 51, 7–61.
fied from an earlier one (Sobolevsky et al., 2003), which was based on
Gray,T.M.,andMatthews,B.W. (1984). Intrahelicalhydrogenbondingcoordinates of KcsA (PDB code 1K4C) and MthK (PDB code 1LQN)
of serine, threonine and cysteine residues within alpha-helices andchannels (Zhou etal., 2001; Jiang et al., 2002b).The earlier GluR chan-
its relevance to membrane-bound proteins. J. Mol. Biol. 175, 75–81.nel model assumed that the symmetry and general arrangement of
the transmembrane domains and the general direction of their move- Holm, R.H., Kennepohl, P., and Solomon, E.I. (1996). Structural and
ments during gating is similar to those in K channels but that the functional aspects of metal sites in biology. Chem. Rev. 96, 2239–
pore-lining M3 segments do not contain gating hinges and therefore 2314.
are rigid. The new model (Figure 8, Supplemental Movie S1) retains Jiang,Y.,Lee,A.,Chen,J.,Cadene,M.,Chait,B.T.,andMacKinnon,R.
these general properties but incorporates a kink in neighboring M3 (2002a). The open pore conformation of potassium channels. Nature
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